There is a growing field of research on the physicochemical properties of bimetallic nanoparticles (BMNPs) and their potential use in different applications. Meanwhile, their antimicrobial activity is scarcely reported, although BMNPs can potentially achieve unique chemical transformations and synergetic effects can be presented. 
Abstract
There is a growing field of research on the physicochemical properties of bimetallic nanoparticles (BMNPs) and their potential use in different applications. Meanwhile, their antimicrobial activity is scarcely reported, although BMNPs can potentially achieve unique chemical transformations and synergetic effects can be presented.
Towards this direction a reproducible simple hybrid polyol process under moderate temperature solvothermal conditions has been applied for the isolation of non oxide contaminated bimetallic CuFe nanoparticles (NPs). 1,2-propylene glycol (PG), tetraethylene glycol (TEG) and polyethylene glycol (PEG 8000), that exhibit different physicochemical properties, have been utilized to regulate the size, structure, composition and the surface chemistry of NPs. The BMNPs were found to be of small crystalline size, 30-45nm, and high hydrophilicity, different wt% percentage of organic coating and variable hydrodynamic size and surface charge. The antimicrobial activity of the BMNPs was evaluated against the bacterial strains B. subtilis, E. coli and fungus S. cerevisiae. The IC50 values for CuFe NPs were found significantly lower compared with Cu NPs of the same size, revealing an enhancement in the antimicrobial activity when iron and copper coexist in the crystal structure. The reactive oxygen species (ROS) production was measured intracellularly and extracellularly by the nitroblue tetrazolium assay in the fungal cultures. No extracellular ROS were measured suggesting that both CuFe and Cu NPs enter the fungal cells during the incubation, also verified by optical imaging of the fungal cells in the presence of NPs. Higher ROS concentrations were generated intracellularly for CuFe NPs supporting different red/ox reaction mechanisms.
Introduction
The abuse of antimicrobial drugs has led to an increasing number of infections associated with antibiotic-resistant microbes, forcing the global imperative for infectious disease research to develop novel materials with improved antimicrobial properties. Nanotechnology can provide compelling alternatives through the use of inorganic nanoparticles (NPs) with unique antimicrobial properties to kill pathogenic microorganisms 2 . Metallic NPs exhibit increased bioactivity while the proposed antimicrobial mechanisms are based on size effects, the ionic toxicity arising from the dissolution of the metal ions from surface of the NPs and the generation of extracellular and/or intracellular reactive oxygen species (ROS).
Bimetallic nanoparticles (BMNPs) are an emerging class of important materials that currently receive extensive attention owing to their unique physical and chemical properties which render them ideal candidates for various application 7-12 .
Combining two metal elements can give rise to collective effects that significantly enhance specific properties, such as electric, magnetic and catalytic 13, 14 . Meanwhile, antimicrobial activity is scarcely reported, although BMNPs can potentially achieve unique chemical transformations and synergetic effects can be presented. For instance, Ag and Au NPs display significant antimicrobial activity against a variety of microorganisms like bacteria and yeasts 15, 16 while enhanced antibacterial properties have been found for Au@Ag core-shell NPs that are attributed to the shell thickness and the more active silver atoms in the shell 17 . Additionally bimetallic Ag/Cu NPs exhibited superior performance compared to Ag and Cu NPs due to the synergistic action of the two different metals that coexist on the surface 18 .
Generally, BMNPs constitute a thermodynamically stable blend of two distinct metals 19 , that can be classified to alloys and intermetallic compounds, in terms of atomic ordering. Based on the chemistry requirements of the different metal elements several synthetic protocols can be found spanning from simple co-reduction method, to more sophisticated ones such as thermal decomposition or seed-mediated growth and electrochemical processes. However, accessing these materials as nanocrystals is not always straightforward, and the development of appropriate synthetic pathways is ongoing. In specific, synthesis of CuFe NPs is considered challenging, as till now top down and solid state dry methods have mainly been reported that led to relative big sizes (100-2000nm), while high-temperature heating and/or annealing for a prolonged time was required in cases [20] [21] [22] . A wet chemical synthesis and an aerosol one have been referred where in both cases copper and/or iron oxides were formed as byproducts 23, 24 . Recently, the biosynthesis of pure CuFe NPs via high temperature pyrolysis using a copper phthalocyanine based precursor and iron acetylacetonate was reported 25 . Meanwhile the antimicrobial activity of CuFe NPs, according to our knowledge, is reported for the first time.
Our aim is the synthesis of bimetallic nanocrystals in the solution phase because it allows for exquisite control over their size, shape, composition, and structure. In the present study, we develop a wet chemical reproducible approach for the synthesis of pure CuFe NPs in an attempt to combine the high bio-reactivity of both metals. A modified polyol process under moderate temperature solvothermal conditions has been chosen. High boiling point polyalcohols serve as solvents, stabilizing agents and reducing agents, resulting in an effective control over the physicochemical characteristics of the NPs through size, shape, structure, surface chemistry known as 4S's. Given that, hydrophilicity and surface charge (positive, negative or neutral) are the most important factors that govern the affinity of the NPs to the cell surface, the cellular uptake and the toxicity of the NPs 26 . In so, 1,2-propylene glycol (PG), tetraethylene glycol (TEG) and polyethylene glycol (PEG 8000) that exhibit different physical and chemical properties have been used in order to investigate the influence of the polyols on the composition and the surface chemistry of the as-produced BMNPs. Based on the molecular weight and structure of the utilized polyols, different capping ability is favored during synthesis while ionic and non-ionic surface coatings have been established, both rendering the BMNPs hydrophilic (soluble in water and polar solvents). The antimicrobial activity of CuFe NPs was investigated for the first time in comparison with Cu NPs, an already known antimicrobial candidate. For that purpose, monometallic Cu@PEG8000 NPs with similar size and percentage of organic coating are included in the studies 5 . The NPs were evaluated against the Gram-positive bacterial strain B. subtilis, the Gramnegative E. coli and the fungus S. cerevisiae in terms of growth inhibition by measuring the optical density of bacterial and fungal cultures. Apart from the estimation of Minimal Inhibitory Concentration (MIC) values (IC50), the ROS production was measured intracellularly and extracellularly by the nitroblue tetrazolium(NBT) reduction. The time-dependent stability of the fungal inhibitory activity of the NPs and the fungal cells' viability were also investigated. The fungal cell morphology in the absence and presence of NPs after 5 h of incubation has been observed by optical fluorescence microscopy.
Experimental details

Materials
All the reagents were of analytical grade and were used without any further purification. The products necessary for our experiments are the following: Copper (II) nitrate trihydrate Cu(NO3)2·3H2O (Merck, ≥99.5%, M = 241.60 g/mol), Iron (III) nitrate nonahydrate Fe(NO3)3·9H2O (Merck, ≥99.5%, M = 404 g/mol), polyethylene glycol (PEG) 8000 (Alfa aesar), tetraethylene glycol (TEG)(Aldrich, ≥ 99%), 1,2-propylene glycol (PG)(Riedel de Haen, ≥ 99.5%) .
Preparation of CuxFey NPs
A modified polyol process under solvothermal conditions has been used for the preparation of the copper iron bimetallic NPs. For sample denoted as M1, Fe(NO3)3·9H2O (0.5mmol, 0.202 g) and Cu(NO3)2·3H2O (0.5 mmol, 0.121 g) were mixed and dissolved in 8 mL of 1,2-propylene glycol, PG, while for M2 and M3 samples the same procedure has been followed with 8 mL of tetraethylene glycol, TEG, and 5.5 g of polyethylene glycol, PEG8000, respectively. The resulting solutions were stirred thoroughly and then transferred into a 23mL Teflon-lined stainless-steel autoclave. The crystallization was carried out under autogenous pressure at 150 °C for 8 h. Then the autoclave was cooled naturally to room temperature and after centrifugation at 5000 rpm, the supernatant liquids were discarded and a black-brown precipitate was obtained and washed with ethanol, at least three times, to remove the excess of ligands and the unreacted precursors.
Characterization
X-ray powder diffraction (XRD) measurements were performed on a Philips PW 1820 diffractometer at a scanning rate of 0.050/3 s, in the 2θ range from 10 to 90°, 
Imaging of the fungal cells.
Optical fluorescence microscopy images were obtained using an Optika B-500 TiFL with an HBO illumination system, triangular epi-fluorescence microscope equipped with a digital camera set (DIGI, 8megapixels) with an optical adapter and measuring software. The samples were excited at λexc = 495 nm and the fluorescence was measured at λem = 525 nm.
Reactive oxygen species assay
The reactive oxygen species (ROS), which are produced extracellularly and/or intracellularly as a result of the treatment of S. cerevisiae cultures with Cu@PEG8000
and CuFe@PEG8000 NPs, were measured by the nitroblue tetrazolium (NBT) reduction protocol as previously described by us 5 . For this purpose 200 μL of fungal cells suspension (where OD600 = 1.1) in MMS was incubated with various concentrations of NPs (12.5, 25, 50 and 100 μg/mL of NPs, respectively) and 500 μL of 1 mg/mL NBT for 5 h at 30 °C. Then, 100 μL of 0.1M HCl were added and the tubes were centrifuged at 1500 g for 10 min. The supernatants were measured as OD at 575 nm to calculate the extracellular ROS. The pellets were treated with 600 μL DMSO and were placed in a sonication bath to extract the reduced NBT. Finally, 500
μL MMS was added and Formazan blue obtained from cells was measured as OD at 575 nm.
Ionic release
The release of copper and iron ions from the CuFe NPs (samples M1, M2, M3) into phosphate buffered saline (PBS) was studied by suspending 10 mg of NPs in 100 mL PBS, followed by the sonication of the suspensions for 10 min. The suspensions were kept in a rotary shaker under the same conditions as in the above studies and residual copper and iron ions concentration in the aqueous phase was determined after 24 h by flame atomic absorption spectrophotometry (FAAS) using a Perkin Elmer instrument, model AAnalyst 800.
Results and discussion
Synthetic aspects and structural characterization
The current trend in the production of monodispersed bimetallic nanoparticles is the use of wet chemical techniques which exploit red/ox reactions and decomposition phenomena resulting in a solution amongst its components (metal precursors, solvent, surfactants, and reducing agents). In our study, three different By taking the full width at half-maximum (FWHM) of the most intense peak (111) and based on the Scherrer equation the average crystallite sizes were calculated (Table.1 ). The variation of the size can be attributed to the different polyols used for each sample. Moreover, by using MDI's Jade software, the lattice parameter, α, was calculated and found to be, 3.6182, 3.6177 and 3.6170 Å for sample M1, M2 and M3, respectively. The values are similar to that expected for metallic fcc Cu (α = 3.61 Å)
as the atomic radii of elemental copper (1.28 Å) and iron (1.26 Å) differ slightly (the difference is lower than 15%) and thus, the dimensions and the structure of the fcc unit cell remain practically unaffected 44 , with a minor increase in the lattice parameter due to the iron atoms 24 . Additionally, the observed peaks are slightly shifted (to the left with increasing iron content) from the fcc metallic copper peaks (JCPDS no. 04-0836) as seen in Fig.2 , which indicates that some copper atoms in the lattice have been substituted by iron 25 . The amorphous carbon formed as a by-product would significantly alter the dimensions of the fcc unit cell if carbon entered inside the cell and therefore, it is proposed it remains as a dead layer in the surface of the NPs.
The elemental composition of the samples was derived by ICP-AES analysis,
where the "y" values (Table 1) Previous reports of our research group revealed that, amongst PG, TEG and PEG 8000, PG showed the highest reductive ability while PEG 8000 showed the lowest 37 .
The complete reduction of the iron species in the solution requires a strong reducing atmosphere, Fe Generally, the mixing of two metals (M and Μ΄) is preferential when the M− Μ΄ bond is stronger than both the Μ΄−Μ΄ and the M−M bonds and the metals have analogous lattice parameters (crystal structure and lattice constant). These factors only describe some of the aspects of thermodynamically stable alloys, and there is always the possibility of attaining a nonequilibrium phase during the synthesis. At a relatively low reaction temperature, for example, the atoms are prevented from reaching their thermodynamically arranged phases. Cu has an fcc structure and a lattice parameter of 3.61 Å while the regular crystal structure of Fe is a bcc one with a lattice parameter of 2.856 Å. However, iron can form a metastable fcc analogue, namely γ-Fe, with a lattice parameter of 3.642 Å. As found before for Fe100-xCux alloys prepared by mechanical milling, when x>40 only fcc peaks appear in the XRD while for x<20 the bcc formation is favored 41 . These results are accompanied with theoretical calculations and revealed that when x>40, the free energy of the FeCu alloy is smaller for the fcc than the bcc structure 41 . In our case, all synthesized CuxFey NPs have a copper content of x>50 hence the formation of fcc BMNPs is observed. Moreover, due to the large gap in terms of reduction potential between the two metals, it is possible that copper as a more noble metal, gets reduced first while iron lags behind.
Thus, it can be assumed that the as-formed Fe nuclei replace copper atoms in the already shaped fcc Cu matrix, indicated by the slight shift of the observed peaks from the fcc Cu pattern and the absence of bcc assigned peaks in the XRD of the samples (Fig.2) . To further investigate the morphology of the samples, TEM bright-field images of the produced NPs were examined (Fig.3) . The images of samples M1 and and were fitted with a standard log-normal function (Fig.S1 in SI) . The mean particle sizes were 29.8 ± 1.4 and 37 ± 0.7 nm for M1 and M2, respectively and are close to the values obtained from the XRD analysis. The formation of PEGylated arrays prevents us from effectively calculating the mean particle size for sample M3.
Estimation for their size can be given through XRD and DLS measurements. The appearance of light and dark areas in the images indicates the coexistence of the two different metals (iron and copper) in a single-crystalline nanoparticle. However, the observation of structural defects on the NPs is a common characteristic of bimetallic NPs that verifies the alloy crystallinity 45 . Moreover, these defects boost the reactivity of the produced NPs and render them ideal candidates for a variety of catalytic applications 46,47 .
The colloidal stability of the CuFe NPs in water is an important issue for bio applications. Samples M1, M2, M3 were dispersed in water after the synthesis without any further modification and, by the means of DLS measurements, their hydrodynamic size was determined at 134, 249 and 146 nm, respectively (mean size provided by Intensity & Numbers measurements) (Fig.S2 in SI) . These values provide the degree of aggregation of the BMNPs in water. Additionally, the ζ-potential values of the aqueous suspensions of samples M1, M2 and M3 were found -20, +0.4 and +0.6 mV, respectively. These values provide significant information on the stabilization mechanism for each sample and correlate well with previous studies of our group on PG, TEG and PEG 8000 as media 37 .
In case of M1, where 1,2-Propanodiol was used instead of 1,3-Propanodiol, the hydroxyl group in the second carbon of the organic chain remains unoxidized 34 and NPs with free hydroxyl groups extending from their surface are produced 37 . The negative charged coating for sample M1, as indicated by the zeta potential measurement, enables the electrostatic stabilization of the NPs in water and therefore shows the smallest hydrodynamic size amongst the three samples. For samples M2 and M3, steric exclusion forces lead to their stabilization in water as TEG and PEG form non-ionic coatings around the nanoparticles (no charge indication in their zetapotentials) and higher hydrodynamic values were observed. If steric stabilization of the particles is the main driving force, even a formulation of near zero zeta potential can be stable, because it is not the charge of the particles, but rather the excluded volume interaction that keeps particles from sticking to each other. The calculated hydrodynamic size for sample M3 (PEGylated NPs) was slightly higher than sample M1 but is still considered ideal for bio applications (less than 150 nm) providing a steric barrier that prevents aggregation 48 . Sample M2 exhibited the highest hydrodynamic size due to aggregation phenomena as TEG has a much smaller chain than PEG8000 that binds on the surface of NPs through both ends of its chain.
The existence of the organic coating on the surface of the CuFe NPs has been confirmed by the FTIR spectra of the samples (Fig.4) Raman spectroscopy was additionally used to verify further the composition of the NPs (Fig.5) . Two broad bands appear at the spectra of the samples and, at first sight, the spectra are similar to that of the graphitic amorphous carbon 50 . The band at ~1580 cm -1 is characteristic for graphitic materials, namely the G-band, originating from the E2g mode (stretching vibrations in the honeycomb lattice of the graphitic layers). The appearance of the second band at ~1350 cm -1 , the defect-related D-band, is attributed to the finite particle-size effect and the highly distorted carbon structure.
In a comparison of the Raman spectra of the NPs with that of perfect graphitic structure, the D band and G band are significantly broadened, indicating the presence of amorphous graphitic carbon 50 . Again, no clear peaks associated with metal-oxygen bonds appear in the low frequency region of the spectra, verifying that no oxidation takes place during and after the synthesis and the produced NPs are metallic. It is important to mention that the Raman spectra were collected 2 months after the synthesis of the CuFe NPs, projecting the stability of the bimetallic NPs.
Thermogravimetric analysis (TGA) was conducted to calculate the amount of the organic coating on the surface of the produced NPs. Thus, the improved antimicrobial activity of the bimetallic CuFe NPs over monometallic Cu NPs is attributed to enhanced intracellular ROS production.
Time-dependent stability of the fungal inhibitory activity of the PEGylated NPs.
To ensure that the values obtained from the antimicrobial screening are indicators of a stable microbial inhibition, a time-dependent kinetic study of the antifungal activity of the PEGylated CuFe NPs was carried out. 
Conclusions
Bimetallic nanoparticles are an emerging class of materials exhibiting remarkable properties that can be optimized in terms of composition, in addition to their size, shape and structure. However, there is still much research to be done for attaining precisely controlled and reproducible syntheses. In the present study the use of a wet- 
